A new technique to form empty spaces in silicon substrates is presented. The empty space with various shapes, such as plate as well as sphere and pipe, could be formed under the surface of the silicon substrate.
Introduction
SO1 structure is the most popular candidate for MOS devices for low power and high speed applications [I] . However, specific substrates, such as SIMOX, UNIBOND and ELTRAN, have to be prepared in order to enjoy the merit of the SO1 structure.
Moreover, it is difficult to obtain a defect-free silicon layer. Recently, an air-gap transistor is proposed as one of the idealistic structure of SO1 [2, 3] . However, the proposed process'sequences are too complicated to fabricate LSIs. This paper presents a new technique for the formation of empty space in silicon (ESS). By adopting the newly proposed selforganizing process on deeply-etched silicon substrates, a silicon layer without defect can be formed on an empty space.
Formation of Empty Space in Silicon (ESS)
The proposed technique for the formation of ESS makes use of the self-organizing migration properties on the silicon surface. ' When deeply-etched silicon substrates are annealed in a deoxidizing ambient, such as a hydrogen ambient, the silicon atoms on the surface migrate so as to minimize the surface energy [4] . Using this technique, the plate-shaped empty space iii silicon was realized as shown in Fig. 1 . The sequence for the empty space formation is schematically summarized in Fig.2 , where three typical shapes are shown: (a) sphere, (b) pipe and (c) plate. An isolated deep trench is transformed to a spherical empty space as shown in Fig.2 (a) . Formation of a spherical empty space begins at the bottom of th(: deep trench, because the radius of the curvature is the smallest at the bottom. The diameter of the grown empty sphere is larger than that of the initial trench. Thus, trenches arranged in a row are transformed to an empty space shaped like a pipe, due to thc combination of the grown empty spheres at the bottom of tho each trench as shown in Fig.2 (b) . Furthermore, an empty space shaped like a plate can be fabricated by developing this technique. By arranging the trenches in a lattice, spherical empty spaces at the bottom of all trenches are combined and they arc:
.. transformed to a large and thin empty space shaped like a plate as shown in Fig.2 
(c).
Experimental results proved the proposed process as a practical technique for the formation of ESS. A typical example of an isolated trench is shown in Fig.3 , where a spherical empty space was formed. A pipe-shaped empty space was formed by combining 6 neighboring trenches with each other, as shown in Figs. 4 and 5. The formation of an empty space shaped like a plate was successfully demonstrated as shown in Fig. 1 .
Control of the Size and the Shape of the Empty Space
Appropriate size of a trench is the primary factor to form an empty space by the breakup of the trench. The radius of the empty sphere (R,) and the distance between each sphere (h) are calculated as Rs = 1.88RR and h = 8.89RR, where R, is the radius of the initial cylindrical trench rod as shown in Fig.6 , according to the surface-diffusion-dominated breakup model [5]. From the latter relation, the number of the empty space can be evaluated as summarized in Fig.7 . The radius and the number 20.6.2
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Rs =1.88 R, , h = 8.89 R, Fig. 6 Relations between the initial shape of the trench and the size of the spherical empty spaces.
0.3 , -. Fig. 7 The number of the spherical empty spaces can be determined by the radius (R,) and the depth (L) of the deep trench. The closed circle in this figure is plotted based on the initial structure of the trench shown in Fig.8 . The evaluated number of the empty spheres is 6, which is consistent to the experimental result.
L (pm)
L " 0.4 of the spherical empty spaces evaluated from these relation showed in good agreement with the experimental result. The closed circle plotted in Fig.7 is based on the structure of the deep trench shown in Fig.8 . The evaluated number of the spherical empty spaces is 6, which is consistent with the actual result shown in Fig.8 . Thus, the number and the radius of the empty space can be controlled by changing the depth of the trench (L) and R,. 
Quality of the Migrated Silicon Layer and the Internal Surface of Empty Space
The crystallinity of the migrated silicon layer was found to be comparable to that of the bulk silicon, which is the most esscntial issue for device application. Fig.10 shows the lattice image of the migrated silicon region between the empty spheres in I he sample shown in Fig.8 . No defect was observed even at Ihe merged area of the migrated silicon. Any detectable stress was not observed at any points in the migrated sample even at the merged region by means of Raman measurements. The surface of the substrate is atomically flattened even on the trench area due to the migration as the previously reported hydrogen annealing process [6], which widely spreads the applicability of this process. The internal surface of the empty space, which would also have a decisive influence on device characteristics, proved to exhibit desirable properties. Fig. 1 1 shows a detailed inside of the empty sphere detected by AFM. Atomically-flat low index crystalline planes, such as { lo), { 1101, [ 1 1 1 ), (3 1 1 ), and (541 1, were observed, which suggests the low surface state density. The internal surface state can be modified by the post-oxidation process, even though the internal surface is not exposed to the external ambient. Fig. 12 (a) and (b) show the depth profiles of hydrogen and oxygen before and after the post-oxidation for the samples with spherical empty spaces as shown in Fig.3 (b) . Change of the depth profiles of hydrogen and oxygen indicates the existence of hydrogen in the spherical empty space and that the internal surface is oxidized by the post-oxidation process.
Conclusion
A new substrate engineering technique for the-formation of ESS is presented, in which silicon migration phenomenon is used. This is the first successful device-applicable technique for the formation of empty spaces of various shapes, which is supported by the experimental results. ESS is a promising candidate which can take the place of SOI. Moreover, ESS would have a potential to change the LSI structure and process drastically. Change of depth profiles of hydrogen and oxygen indicates the existence of hydrogen in the spherical empty space and that the internal surface is oxidized by the post-oxidation process even though the internal surface is not exposed to the external ambient. SIMS measurements were performed after etching of SiO, on the surface.
